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Aims of the project

The goals of this research project as stated in the original proposal are “the
improvement of epitaxially grown lattice-mismatched III-V compound semiconductors by
development of a practical compliant substrate technology, and the use of this technology
for the integration of optoelectronic emitters and detectors with silicon circuits.” “A key to
our project is investigation of the roles of interfacial material composition, surface
chemistry, and interfacial mass transport during bonding and subsequent annealing on the
performance of wafer-bonded compliant substrates for the subsequent growth of lattice-
mismatched III-V compounds, including GaN. We will use our capabilities for epitaxial
growth and in situ surface modification to prepare GaAs and Si wafer surfaces for direct
wafer-to-wafer bonding. We will then bond those substrates in the same vacuum where
their surfaces were prepared, assuring control over the surface composition and chemistry,
and determine how the compliant substrates’ properties depend on interfacial composition
and bonding conditions. We will apply our understanding of compliant substrates to the
development of a practical process for the growth of III-V photonic devices on GaAs
compliant substrate pads located at multiple sites on a Si wafer.”

Our overall goals are essentially unchanged over the past year, although the
experiments we are using to understand and improve compliant substrate technology and
science have changed as we have learned from our experiments and other groups’ results.
Orniginally we proposed to investigate the atomic details of wafer bonding in vacuum in
order to understand how wafer bonding, and specifically twist bonding, results in a
compliant interface. Since preparing the proposal, however, we have become increasing
skeptical of the ability of direct wafer bonding to provide compliance over a large area. We
have therefore focused on two areas: relaxed epitaxial growth of InGaAs on a twist-bonded
GaAs compliant substrates ' and GaAs compliant substrates bonded with intermediate SiO,
or indium oxide layers, and relaxed epitaxial growth of InGaAs on a compliant substrate
fabricated by epitaxial growth of an AIAs/GaAs structure with the subsequent oxidation of
the AlAs. The latter approach is in many ways similar to one being investigated at the
University of California, Santa Barbara. 2

Results

Wafer bonding approach

We have successfully bonded GaAs wafers over large areas using techniques
widely reported in the literature and implemented in our laboratory prior to the initiation of




this project. Briefly, native oxide is removed from GaAs wafers using NH,OH:H,O and
then placed in contact at room temperature. A bond is quickly formed which is sufficiently
strong to allow handling of the wafers. This bond is strengthened by annealing in N, at
450°C for 30 minutes.

One of the wafers has an epitaxial structure grown on the bonded face comprising
100 nm of Al,,Ga,,As followed by a thin (20nm) layer of GaAs. After the two wafers are
bonded, the substrate on which the epitaxial layers were grown is removed by grinding and
selective etching, with the Al,,Ga,,As acting as an etch stop. The Al ,Ga,,As is removed
selectively by HF or, preferably, HCI, leaving behind a thin GaAs layer bonded to a GaAs
substrate. If the wafers are rotated before bonding so that the [110] directions in the
surface plane form an acute angle, “twist bonding” is achieved.

We have successfully reproduced the twist bonding of GaAs layers as thin as 20
nm over areas as large as 1 cm x 1 cm. In many cases these layers are defect-free when
observed optically under magnification. However, the nucleation of epitaxial growth
reveals that the surface is atomically much rougher than a bulk GaAs substrate as the result
of the Al,;Ga,,As removal. This roughness has been confirmed by AFM. Nucleation is
difficult and begins as 3D growth, which would be particularly troublesome in the
nucleation of InGaAs on GaAs. The properties of material grown on this surface are
degraded, as seen from measurements of GaAs p-n junctions grown on our twist-bonded
substrates.

In order to provide good surfaces for epitaxial layer nucleation, we have developed
a “digital” etching procedure comprising alternate exposure to hydrogen peroxide (oxidizer)
and ammonium hydroxide (oxide dissolving) solutions. Not only does this procedure lead
to a very well controlled GaAs removal rate of 1.5 nm per cycle, but we have also found
that it greatly smoothes the surface which exists following Al,,Ga,,As removal. Even so,
the surface is still not as smooth as the surface of commercial GaAs wafers.

Growth of In,,Ga, ;As on twist-bonded GaAs layers as thin as 20 nm has failed to
reveal compliant substrate behavior over macroscopic (mm?) areas, as witnessed by surface
corrugations resulting from strain, by x-ray diffraction linewidths, and by p-n junction
leakage currents. These results are summarized in our publication, “The effect of
Al ,Ga,;As etch stop removal on the preparation of wafer-bonded compliant substrates,”
by Zhang et al. *

Oxidized AlAs approach

Our second approach to a compliant substrate technology is to use a layer of
oxidized AlAs as the weak bonding layer between a very thin GaAs layer and a GaAs




substrate. As with the twist bonding approach, the very thin GaAs, weakly bonded to its
supporting wafer, in principle can deform to absorb the strain of lattice-mismatched
material grown over it. In this case, the oxidized AlAs plays the role of the twisted bonds
in the twist-bonding approach to provide the weak bonding to the substrate. A variation to
this scheme, reported at the 1998 Electronic Materials Conference (Ref. 2) is to grow a
pseudomorphic layer atop the thin GaAs before oxidation of the AlAs, allowing the
oxidation process to relieve strain in that layer.

No wafer bonding is needed in this process, but we must have an intact thin GaAs
layer on top of the oxidized AlAs with a surface which is suitable for epitaxial growth.
Once again, as with the twist bonding approach, surface preparation is a key to successful
nucleation of lattice-mismatched materials.

We have successfully produced intact GaAs layers as thin as 30 nm on top of
oxidized AlAs in stripes 100pum wide. The oxidation process removes about 10 nm of the
originally 40 nm GaAs layer. Thinner GaAs layers have so far resulted in non-uniform
oxidation across the stripes. We have also developed an in situ etch using iodine vapor in
our molecular beam epitaxy system to thin the GaAs layer. Unfortunately, the surface of
the GaAs layer after oxidation (with or without iodine etching) is atomically rough, and
growth of lattice-mismatched material (InGaAs) on it results in 3D nucleation. We have not
observed any indication of compliant behavior in this system over macroscopic areas. We
are continuing to work on improving the GaAs surface properties to eliminate nucleation as
a complicating factor in lattice-mismatched epitaxial growth on these substrates.

Plans for the coming year

In the coming year we plan to continue to investigate both the twist bonding and the
oxide layer methods of forming thin compliant GaAs substrates. Our focus is on strain
relaxation without threading dislocation generation in the overlying epitaxial layers in
macroscopic areas. We will continue to use x-ray diffraction to measure lattice relaxation
related to dislocation formation and p-n junction reverse leakage current as a measure of the
electrical quality of the overlying layers. We will supplement these measurements with
AFM images of surface roughness, which can reveal important details of the initial surface
roughness and of surface corrugations due to dislocation generation in InGaAs.

Reproducibility of oxidation has been an annoying problem during the first year, so
we will be improving our oxidation capability this Fall.

So far, we have tested substrate compliance using InGaAs. Dislocations appear to
move easily in this material and the resultant inhomogeneous strain leads to surface
roughening. Nucleation is very sensitive to substrate preparation because of the high




mobility of Ga and In atoms on the growing surface. We will begin to investigate other,
possibly more dislocation-resistant, materials such as InAlAs.

Other groups have reported that GaAs layers adjacent to oxidized AlAs can be
damaged by oxygen or arsenic-related point defect diffusion. We will investigate this effect
on our thin substrates by burying thin diffusion-blocking AlGaAs layers or superlattices
within the GaAs compliant layers. We also plan to measure the electrical properties of the
thin GaAs layers directly, before and following AlAs oxidation, to determine the
contribution of the oxidation process to surface roughness or point defects which may
diffuse into epitaxial layers grown subsequently.

One of the most important parameters which must be measured to evaluate the
suitability of these structures for compliant substrates is the actual degree of compliance
obtainable from twist bonded interfaces and from oxidized AlAs layers. A determination of
the compliance of twist-bonded interfaces and oxide layers which is independent of the
nucleation and growth of lattice mismatched materials would be an important milestone.

We are thinking about methods to extract this information.
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